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Abstract— iSafety ihas ibeen ia iconcern ias ia iresult iof ithe ihigh 

irate iof iroad iaccidents iand ihas iled ito ithe idevelopment iof idriver 

iassistance isystems iwhich ihas ibecome ia ivery iactive iresearch 

iarea. iThis istudy ipresents ithe iperformance iand irobustness 

ianalysis iof ia imodel ipredictive icontrol i(MPC) iand iproportional 

iintegral iderivative icontrol i(PD) ifor ilane-keeping imanoeuvres 

iof ia iself idriving icar iusing iimage iprocessing. iSimulation istudies 

iwere icarried iusing ia ivehicle imodel iknown ias isingle-tracked 

ibicycle imodel ideveloped iin iMATLAB/SIMULINK 

ienvironment ias iwell ias ia ivision idynamic isystem. iBoth iPD iand 

iMPC iwere isimulated ito ifollow ia iparticular i idesired ireference 

itrajectory iby icontrolling ithe isteering iangle. iPerformance iand 

irobustness ianalysis iwere icarried iout iand ithe isimulation iresults 

ishowed ithat ithe iproposed icontrol isystem ifor ithe iPD icontrol 

iachieved iits iobjective ieven ithough iit iwas iless irobust iin 

imaintaining iits iperformance iunder ivarious iconditions ilike 

ivehicle iload ichange, idifferent ilongitudinal ispeed iand idifferent 

icornering istiffness. iWhile iin ithe icase iof iMPC ithe ioptimizer 

imade isure ithat ithe ipredicted ifuture itrajectory iof ithe ivehicle 

ioutput itracks ithe idesired ireference itrajectory iand iwas imore 

irobust iin imaintaining iits iperformance iunder ithe isame 

iconditions ias iin iPD. i 

Keywords— iperformance, irobustness, ianalysis, ilane ikeeping, 

imanoeuvres iautonomous, ivehicles i 

I. INTRODUCTION I 

At ithe icurrent irate iof idevelopment, icivilization 

ispecifically iin ithe iAutomotive iindustry iand isector ilike 

idevelopment iof iauto-electronics itechnology. i iActive isafety 

iis ione iof ithe imost istudied isector. iThis ihas ilead ito ia ilot iof 

iresearch iin irecentent itimes. i 

In ia istudy iof i[1], iSafety ihas ibecome ian iimportant iissue 

idue ito ithe iincreasing inumber iof ivehicles iand iroad iusers, 

iresulting iin ithe ihigh irate iof iroad iaccidents irecorded ievery 

iyear. iThe isame istudy ialso isuggested ithat ithe ivast imajority iof 

ithese iaccidents iare icaused iby idriving ierrors, iwhich ican ibe 

iavoided. i 

Car imanufacturers iare inow ifocusing ion ideveloping inew 

ifeatures ito iassist idrivers, ito iimprove isafety iand iprovide 

icomfort. iAs istated iin i[2] iAdvance iDriver iAssistance iSystem 

i(ADAS) iwas ideveloped ito iensure isafety iand iassistance ito ia 

idriver iwith ithe ihelp iof isensors itechnology iand icontrol 

ialgorithm, ithe isystem ihelp ito iexpand isafety, iadjust ito 

iencompassing iand icontrol ithe ivehicle. iThe isystem ihas imade 

iconsiderable iprogress iin ia imoderately ibrief iperiod, iby ithe 

inorms iof ithe iautomobile iindustries. iThe iinnovation 

iapparently ihas iits ifoundations iin ihighlights ithat istarted 

iappearing iover i10 iyears iago, isuch ias i iadaptive icruise 

icontrol, ior imaybe iconsiderably ifurther iback ito ithe 

ipresentation iof idriver iwarning isystems ilike iemergency 

ibrake ilights. iAccording ito i[3] iSome iof ithe imost icommon 

ifeatures ithat iare iin icooperated iinto ithe iADAS isystem 

iincludes: iCollision iavoidance isystem, iAdaptive icruise 

icontrol, iautomate ibraking, iautomate ilighting, iparking iassist 

isystem, ilane ideparture iwarning isystem iand ia ilane-keeping 

isystem. iThis istudy iis ifocused imore ion ione iof isuch iADAS 

isafety ifeature ilane ikeeping. 

The itask iof iautonomously idriving ia icar iinvolves ithe 

ifollowing: ikeeping isafe idistance ivehicles, ispeed icontrol, 

ilane ikeeping iand ilane idetection, ilane ichange imanoeuvres 

ifor iovertaking ivehicles, iobstacle iavoidance, iestablishing ithe 

ishortest iroute ito ia idestination, iand iparking iwithin iurban 

ienvironments. iIt iis ia ichallenging itask ithat ihas iattracted ithe 

iinterest iof iresearchers iand iresearch iinstitutions iglobally. iIt iis 

ibelieved ithat iautonomously idriven ivehicles ihelp ivehicles iin 

ikeeping ia ishort ibut ireliable isafe idistance iof i10m i– i20m 

ithereby iincreasing iroads iand ihighways icapacity i[4]. iIt ihelps 

ito iprovide ia ireduction iin icommuting itime iand iautonomous 

idriving ileads ito ioptimal iuse iof iinfrastructures. iRemarkable 

ifuel-saving iexpenses iare iachieved iby iautomatically 

icontrolling ivehicles ivelocity ias iwell ias itraffic idecongestion. 

I In ithe iautomated idriving imode iof ithe iautonomous icar, 

ithe ivehicle's ilateral imovement iis icontrolled iby ia ilateral 

icontrol ialgorithm. iThe iobjective iof ithis ialgorithm iis ito ikeep 

ithe ivehicle iin ithe icentre iof iits ilane. iPosition iand iorientation 

iof ithe ivehicle ican ibe idetermined iby ithe iuse iof isensors isuch 

ias icamera iused iin iidentifying ithe iwhite imiddle imarker iand 

ileft iand iright iboundaries ion ithe iroad iand ialso iby ithe iuse iof 

isensors ilike iLidar ifor ipath itracking itechniques iboth iby 

iexplicitly ior iimplicitly imeans. iRegardless iof ithe iapparent 

isimplicity iof idiscovering iwhite ilane imarks ion ithe iroad, iit 

ican ibe iextremely ihard ito ifind iwhite ilane imarks ion ia 

idifferent ikind iof iroad. iThese iproblems icould ibe iattributed ito 

ieither iof ithe ifollowing; ishadows, iocclusion iby iother 

ivehicles, ichanges iin ithe iroad isurface iitself, iand idifferent 

itypes iof ilane imarkings. iA igood ilane idetection ialgorithm 
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ishould ibe icapable iof idetecting iall ikind iof ilane imarks ifrom 

iroadways iand ifilter ithem ito iestimate ian iaccurate iestimate iof 

ithe ivehicle iposition irelative ito ithe ilane. i i i 

II. CONTROL IDYNAMICS I 

The ivehicles ilateral idynamic ihas ibeen italked iabout iin 

i[3], iwhere iboth ikinematic iand ithe idynamic imodels iof 

ivehicle ilateral imotion ihave ibeen iconsidered. iMany icontrol 

iplans ihave ibeen iset iup ito icontrol ithe ilateral idynamics. i i[4] 

iand i[5] ihave isuggested icontrol ilaws idependent ion 

iProportional–Integral–Derivative i(PID) icontrol, iwhile i[6] 

ideveloped ia ifuzzy ilateral icontroller. iOther icontrol 

itechniques ihave iadditionally ibeen iutilized, ifor iexample, iH∞ 

icontrol i[7], i[8], iLinear iQuadratic iRegulator i(LQR) i[9] iand 

isliding imode icontrol i[10], i[11], i[12]. iAdditionally, i[13] 

iintroduced ia ifeedback icontroller ithat icontrol ilateral 

idynamics ito icontrol iback iwheel-drive ivehicles isubject ito 

istate ilimitations. iBe ithat ias iit imay, ithese icontrol istrategies 

iare icreated idependent ion ithe ilinearized imodel iof ithe ilateral 

idynamic, iwhile ithis ipaper ideals iwith ithe icontrol iissue ifor ithe 

inonlinear ilateral idynamics. iModel iPredictive iControl 

i(MPC) iis ianother itechnique iutilized iin ithe itracking iof iself-

driving ivehicles ias iseen iin i[14], i[15], i[16]. iThe icalculation 

iperiod iof inonlinear iMPC iis ithe ifundamental iimpediment iof 

isuch ia imethodology: ithis ipaper iproposes ian iexplanatory 

ianswer ifor ithe ilateral icontrol iissue iwhich idoesn't icause iany 

icalculation iloads. i[17], i[18] ihave iexamined ithe ilateral 

icontrol iof iautonomously iactivated ifour-wheeled ivehicles. 

iComparison iof ivarious ilateral iregulators ican ibe ifound iin 

i[19], i[20]. i 

III. METHODOLOGY IPREPARE I 

The iphilosophy iof ithe isimulation iwork iis ialways ito iuse 

isimple imodels, ito iunderstand imore iaspects ipossible iabout 

ithe iphysical isystem. iA imathematical imodel iwas ideveloped 

ito ipredict ithe ivehicle idesired imotion, istability iand ihandling. 

i iThe imajor iresponsibility iof ithe ivehicle ican ibe iexplained 

ibased ion ia ilinear ivehicle imodel. iThe ivehicle imodel iused iin 

ithis iwork iwas ithe ibicycle imodel, iusing ian iaugmented 

iversion iof itwo-degree-of-freedom i(2DOF) ielementary 

iautomobile ias iseen iin iFig i1 ibelow. iThis imodel iwas 

ilinearized ifor isimplicity iand ihas iconsistently ibeen iproven iin 

ivarious istudies i[21], i[22], i[23], i[24]. iThe inomenclatures 

iused iare ipresented iin iTable i1. 

The ilane-keeping icontrol iwas isimulated ifor iboth iPD 

icontrol iand iMPC icontrol iin iMatlab/Simulink ienvironment 

iunder ivarious iconditions iusing ithe iparameters iin iTable i1. 

iTwo idifferent ianalyses iwere iperformed: iperformance iand 

irobustness ianalysis ias iin i[25], i[26]. i 

 

Fig i1. iSingle-track ibicycle imodel 

 ++=
dt

de
KdtteKteKtu diP )()()(  (1) 

 

Table 1.iList iof iparameters ifor ivehicle idynamic 
No Parameter Symbol 

1 front itire icornering istiffness Caf 
2 rear itire icornering istiffness Car 
3 vehicle ilongitudinal ivelocity u 
4 front itire idistance a 
5 rear itire idistance b 
6 imotor iinertia Iz 
7 mass iof ithe ivehicle m 
8 ifront iand irear iside islip iangle αf, iαr 
9 lateral itire iforce ion ifront iand irear 

itires 
iFyf, iFyr 

10 longitudinal/lateral ivelocity iof 

ivehicle iin ibody ireference iframe i

  

iV 

11 iyaw irate   

12 side islipr  

 

IV. RESULTS IAND IDISCUSSION I 

A. Performance iand iRobustness iAnalysis 

Performance ianalysis iwas ibeing idone iby isimulating ithe 

iclosed-loop isystem iwith ilongitudinal ivelocities iof iVx i= i10, 

i15, i20, i25 im/s iat ia iparticular ilook-ahead idistance iL ifor iboth 

iPD iand iMPC icontrol. iRobustness ianalysis ifor ithe iPD iand 

iMPC iclosed-loop isystem iwas ialso idone iat idifferent imass 

iand icornering istiffness iof ithe ivehicle. i 

These isimulations iwere icarried iout ito itest ithe iperformance 

iand irobustness iof itheses icontroller iunder ivarious ivehicle 

iload, iwhere ithe ivehicle imass im iwas ivaried iby iincreasing ithe 

iload iand ithe icornering istiffness iof ithe ifront iwheel iwas 

ivaried ito isee ithe irobustness iof ithe icontrols iunder idifferent 

iroad iconditions ias iseen i[27]. iAll isimulation iresults iare 

ishown ibelow ifor iboth icontrols. i 

 
Fig i2. PD iperformance iat idifferent ilongitudinal ivelocity iVx 

 

From iFig i2, iit iwas ifound ithat ithe icontroller iwas iable ito 

icompensate ifor ithe icross-track ierror iof ithe isystem iby 

ibringing iit ito izero ias ican ibe iseen iin ithe isteering iangle 

iresponse. iAlthough ithe iresponse iof ithe ivehicle itends ito 

iovershoot iat ithe ibeginning. iThis imay icause ipassengers ito ibe 
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iuncomfortable iin ia ireal iscenario, ibefore ireducing ithe icross-

track ierror ito izero. iAlso, iit ican ibe iobserved ithat ichanging ithe 

ilongitudinal ispeed ialters ithe iperformance. iIn ithis icase ithe 

ihigher ithe ispeed ithe imore ithe ioscillations, ibut iwhen ithe 

ivehicle imoves iat ia ilower ispeed ithe ioscillations iand 

iovershoot iwere iless. iAs ia iconclusion, iat ia ifixed ilook-ahead 

idistance iL, ithe ispeed ishould ibe ivaried ifrom ihigh itoo ilow ifor 

ibetter iperformance ieven ion ia istraight iand icurved iroad. iThis 

iis isynonymous iwith ithe ireal isituation iwhile idriving, 

iespecially iat icurved iroads, iwhere ithe ispeed iis ilowered ifor 

ibetter icornering iperformance. i 

 

Fig i3. iPD iRobustness iAnalysis iat idifferent iload i(mass) 

iChange 

The ifirst ianalysis iwas idone ifor idifferent ivalues iof ithe 

ivehicle imass ias ican ibe iseen iin iFig i3. iThis ianalysis iwas 

inecessary ito icheck ihow irobust ithe ivehicle iwill ibe iunder 

ivarious ivehicle iload, ias iin ithe iactual icase iof ia ireal icar iwith 

imore ithan ione ipassenger iin iit. iThis iwas iachieved iby 

isimulating iat idifferent ivalues iof ithe ivehicle imass im. iAlso iby 

ichanging ithe iload icapacity iof ithe ivehicle isimulation iresults 

ishow ithat ithis iaffected ithe iperformance iof ithe icontrol. iAt 

ilow iload icapacity, ithe ivehicle iwas imore istable, ias iit ican ibe 

iseen ithat ithe icontroller itries ito isteer ithe ivehicle ito iits idesire 

ireference itrajectory. iBut iwhen ithe iload icapacity iwas 

iincreased, ithe iresponse ichanged ias ican ibe iseen iin ithe ifigure. 

iAt ithe ihighest iload icapacity, ithe ivehicle ioscillation 

iincreased isignificantly ias ithe icontroller itries ito isteer ithe 

ivehicle ito iits idesired ireference itrajectory 

 

Fig i4. PD iRobustness iAnalysis iat idifferent ivalues iof ifront 

icornering istiffness iCf 

Also ias iseen iin iFig i4 ithe isimulation iof idifferent ivalue iof 

ifront icornering istiffness iwas icarried iout ias iin ithe icase iof 

idriving ithe icar iin idifferent iroad iconditions. iIn ithe isame 

imanner iand ipattern, ithe icontroller’s iperformance iwas 

ialtered iwhen ithe ifront icornering istiffness iwas ialtered. iWhen 

ithe isimulation iwas icarried iout iat ia ilower ifront icornering 

istiffness, ithe ivehicle iwas iable ito ifollow ithe idesired 

ireference itrajectory iat ia imuch iquicker itime ias ican ibe iseen iin 

ifigure i4. iBut iwhen ithe ifront icornering istiffness iwas 

iincreased, ithe ivehicle ibehaviour ichanged. iIt ican ibe iseen ithat 

ithe ivehicle ihad ia iwider ioscillation ibefore ithe icontroller iwas 

iable ito idrive ithe ivehicle ito ifollow ithe idesire ireference 

itrajectory ias ican ibe iseen iin ithe ifigure. 

MPC iis ia ifeedback icontrol ialgorithm ithat iuses ia imodel iof 

ithe ivehicle ito imake ipredictions iabout ifuture ioutputs iof ithe 

ivehicle itrajectory. iHence, ithis isection ipresents ian 

iexplanation iof ihow ithe imodel ipredictive icontroller iwas iused 

ifor ithe isimulation iof ithe imobile irobot. 

 

𝐽 =∑𝑤𝑒𝑒𝑘 + 𝑖2 +∑𝑤∆𝑢∆𝑢𝑘 + 𝑖2

𝑝−1

𝑖=0

𝑝

𝑖=1

 (2) 

 

Fig i5. MPC iperformance iat idifferent ilongitudinal ivelocity iVx 

 

Fig i6. iMPC iresponse iat idifferent iP itime isteps 

From ithe ifigure, iat ithe iparticular itime istep, iModel 

ipredictive icontroller itook i icare iof ithe ioptimization i iissue 

iover ithe iprediction ihorizon ifulfilling ithe iconstriants. iThe 

ipredicted ipathway iwith ithe ilittlest iJ igives ithe iideal i ioptimal 

isolution iand iaccordingly idecides ithe iideal isteering iwheel 

iangle ithat iwill iget ithe ivehicle ias iclose ias iconceivable ito ithe 
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ireference. iAt ithe icurrent itime istep, iMPC iapplies ijust ithe 

iinitial istep iof ithis iideal isuccession ito ithe ivehicle iand iignores 

ithe irest. iIn iview iof ithe iapplied isteering iwheel iangle, ithe iwill 

iventures isome iseparation. iAt iwhenever istep, ithe icontroller 

igets ianother iestimation iof ithe icar's ilateral iposition. iIt imay 

ibe isomewhat iunique iin irelation ito iwhat ithe iMPC icontroller 

ihas ianticipated ipreviously. iThis icould ibe ibecause iof isome 

iunmeasured iunsettling iinfluence ifollowing iup ion ithe 

ivehicle. iFor iinstance, iit imay ibe iprojected ishadows ior isome 

iother icommotion. iPresently ithe iprediction ihorizon imoves 

iforward iby ione-time istep iand ithe icontroller irehashes isimilar 

ipattern iof icomputations ito ifigure ithe iideal isteering iwheel 

iangle ifor inext itime istep ias iseen iin ithe ifigure. iIt ishould ibe 

inoted ithat ioptimal iperformance iof ithe iMPC iwas iachieved iat 

ia ilower ilongitudinal ispeed, ieven ithough ithe iMPC icontroller 

iwas istill iable ito iachieve iits igoal iof iadjusting ithe isteering 

iangle itoward ithe idesired ireference itrajectory iand ia ihigher 

ilongitudinal ispeed ialso. i 

 

Fig i7. MPC iRobustness iAnalysis iat idifferent ivalues iof iload 

iChange i(mass) 

From ithe ifigure, iit ican ibe iseen ithat isimulating iat ivarious 

iconditions iof imass ididn’t iaffect ithe iMPC iperformance, 

ialthough ithere iwas ia ilittle ioscillation ifor ithe ivarious imasses, 

ithe ioptimizer iwas istill iable ito isolve ithe ioptimization 

iproblem iand ithe icontroller itries ito iminimize ithe ierror 

ibetween ithe ireference iand ipredicted ipath iof ithe ivehicle ias 

iseen iin ithe ifigure. iThis iwas iachieved ibecause iof ithe 

icharacteristics iof ithe iMPC iin iusing ithe ivehicle imodel ito 

ipredict ithe ifuture itrajectory iof ithe ivehicle. 

iIt ialso itries ito iminimize ithe ichange iin ithe isteering iwheel 

iangle ifrom ione itime istep ito ithe inext ias iseen iin ithe 

isimulation iof ithe iprediction ihorizon iin ifigure i6. iThe isame 

ithing ican ibe iseen iin ithe isimulation iresult iat idifferent ifront 

icornering istiffness iin ifigure i4. ithe idifferent ivalue iof ithe 

ifront icornering istiffness idid inot iaffect imuch ion ithe 

iperformance iof ithe iMPC, ibecause iof ithe iability iof ithe iMPC 

iin ipredicting ithe ivehicle ifuture ifor ithe inext iP itime isteps ias 

istated iearlier. 

Hence iMPC ishowed ia ibetter iperformance iand irobustness 

ibecause iof iits iability ito iuse ithe ivehicle imodel ito ipredict ithe 

inext ifuture itrajectory ifor ithe imobile irobot ito ifollow 

 

 

Fig i8. MPC iRobustness iAnalysis iat idifferent ivalues iof 

iFront iCornering iStiffness 

CONCLUSION I 

The itask iof iautonomously idriving ia icar iisn’t ian ieasy 

itask. iIn ian iautomated idriving imode iof ithe iautonomous icar, ia 

icontrol ialgorithm iis iused ito icontrol icar's ilateral imovement. 

iThe iobjective iof ithis ialgorithm iis ito ikeep ithe ivehicle iin ithe 

icentre iof iits ilane. iPosition iand iorientation iof ithe ivehicle ican 

ibe idetermined iby ithe iuse iof isensors isuch ias ithe icamera iused 

iin iidentifying ithe iwhite imiddle imarker iand ileft iand iright 

iboundaries ion ithe iroad iand icomputer ivision iimage 

iprocessing itechnique iused iin i[28]. i 
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